Introduction {#Sec1}
============

We present new constraints on long-lived chargino production in the phenomenological minimal supersymmetric standard model (pMSSM) \[[@CR1]\] and on the anomaly-mediated supersymmetry breaking (AMSB) model \[[@CR2]--[@CR4]\]. In the pMSSM, we consider the parameter sub-space for particle masses up to 3 TeV and charginos ($\documentclass[12pt]{minimal}
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                \begin{document}$$c\tau )$$\end{document}$ greater than 50 cm. In the AMSB model, the small mass difference between the lightest chargino and neutralino ($\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{\chi }_1^0$$\end{document}$) often leads to a long chargino lifetime.

Long-lived charged particles are predicted by various extensions of the standard model (SM) \[[@CR5]--[@CR7]\], such as supersymmetry (SUSY) \[[@CR8]\] and theories with extra dimensions \[[@CR9], [@CR10]\]. If such particles have a mass lighter than a few TeV they could be produced by the CERN LHC. The energy available in the proton--proton (pp) collisions at the LHC is such that particles with mass $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal {O}(1)$$\end{document}$ ns could be observed with the CMS detector \[[@CR11]\] as high-momentum tracks with anomalously large rates of energy loss through ionization ($\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{d}E/\mathrm{d}x$$\end{document}$). These particles could also be highly penetrating such that the fraction reaching the CMS muon system would be sizable. The muon system could therefore be used to help in identification and in the measurement of the time-of-flight (TOF) of the particles. The signature described above is exploited in a previous CMS search \[[@CR12]\], which sets the most stringent limits to date on a number of representative models predicting massive long-lived charged particles such as tau sleptons (staus), top squarks, gluinos, and leptons with an electric charge between *e* / 3 and 8*e*.

The main thrust of this paper is to present constraints on the pMSSM and the AMSB model, obtained using the results from the search for heavy stable charged particles (HSCP) in proton--proton collisions at $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s} = 7$$\end{document}$ and 8 TeV \[[@CR12]\]. The method applied relies on the factorization of the acceptance in terms of two probabilities, calculated using the standard CMS simulation and reconstruction tools at 8 TeV. Moreover, the results of the acceptance calculations have been tabulated and made publicly available \[[@CR13]\]. Thus this technique, which allows the signal acceptance for a model with long-lived particles to be computed using the kinematic properties of the particles at their production point, may in the future be used by others to evaluate constraints on other extensions of the SM without use of the CMS software.

The CMS detector {#Sec2}
================

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diameter providing a field of 3.8 T. Within the field volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and scintillator hadron calorimeter. Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke of the magnet. The tracker measures charged particles within the pseudorapidity range $\documentclass[12pt]{minimal}
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                \begin{document}$${p}_\mathrm{T}$$\end{document}$ resolution of about 2.8 % for 100 GeV particles. The analog readout of the tracker also enables the particle ionization energy loss to be measured with a resolution of about 5 %. Muons are measured in the range $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |< 2.4$$\end{document}$, with detection planes based on three technologies: drift tubes, cathode strip chambers, and resistive-plate chambers. The muon system extends out to 11 m from the interaction point in the *z* direction and to 7 m radially. Matching tracks in the muon system to tracks measured in the silicon tracker results in a transverse momentum resolution between 1 and 5 %, for $\documentclass[12pt]{minimal}
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                \begin{document}$${p}_\mathrm{T}$$\end{document}$ values up to 1 TeV. The time resolution of the muon system is of the order of 1 ns. This provides a time-of-flight measurement that can be used to determine the inverse of the long-lived particle velocity as a fraction of the velocity of light ($\documentclass[12pt]{minimal}
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                \begin{document}$$\eta $$\end{document}$ range \[[@CR12]\]. A more detailed description of the CMS detector, of the coordinate system, and of the kinematic variables can be found in Ref. \[[@CR11]\].

The first level of the CMS trigger system, composed of custom hardware processors, uses information from the calorimeters and muon detectors to select the events of interest. The high-level trigger processor farm further decreases the event rate from around 100 kHz to around 400 Hz for data storage.

Estimation of signal acceptance {#Sec3}
===============================

Transcribing the results presented in Ref. \[[@CR12]\], in terms of limits on models other than those considered in the reference, requires the tabulation of the relevant signal acceptance. This acceptance can then be used to constrain the beyond the standard model (BSM) scenarios, as described in the next sections. There can be significant differences in signal acceptance between the models investigated in Ref. \[[@CR12]\] and the model to be tested. These differences arise because the $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{d}E/\mathrm{d}x$$\end{document}$ and TOF measurements are affected by the distribution and orientation of the material encountered by particles travelling within the CMS detector. The combination of these effects with the differences in the kinematic properties between models can result in large differences in signal acceptance.

The signal acceptance can be accurately computed by fully simulating and reconstructing signal events in the CMS detector and by applying the same selection criteria as adopted in Ref. \[[@CR12]\]. We refer to this method of determining the signal acceptance as the "full simulation". This procedure requires extensive knowledge of the CMS detector and in particular use of CMS software that accurately models detector response to simulated signal events and employs the full CMS reconstruction routines such that identical selection criteria can be used on simulated signal events as on data collected from collisions.

An alternate method, which only requires information on the kinematic properties of the long-lived particles at their production point, is presented here. Such a method can be used if the efficiency for triggering and selecting events can be expressed in terms of probabilities associated with each individual long-lived particle. This is the case for models with lepton-like massive long-lived particles since the event selection specified in Ref. \[[@CR12]\] imposes only requirements on measurements performed on individual particles. The adjective "lepton-like", defined in Ref. \[[@CR12]\], indicates particles that do not interact strongly and are therefore not subject to hadronization.

The event selection requirements of Ref. \[[@CR12]\] are expressed in terms of measured $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{d}E/\mathrm{d}x$$\end{document}$, TOF, and mass values of individual particles in an event. The probability that a long-lived particle in an event passes the online or offline selection requirements in Ref. \[[@CR12]\] can be expressed as a function of the true (generator-level) kinematic properties (*k*) of the particle: $\documentclass[12pt]{minimal}
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                \begin{document}$${p}_\mathrm{T}$$\end{document}$. Any other equivalent set of kinematic and directional variables could also be used to express this dependence. The offline selection of Ref. \[[@CR12]\] has fixed values for $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{d}E/\mathrm{d}x$$\end{document}$, and TOF thresholds but uses different reconstructed mass thresholds ($\documentclass[12pt]{minimal}
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                \begin{document}$$m_\text {thresh}$$\end{document}$) depending on the mass (*m*) of the long-lived particle in the model being tested.

With these individual particle probabilities, the acceptance $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathcal {A}$$\end{document}$ for a model to pass the online and offline selections can be computed with a Monte Carlo technique by generating a large number of events *N* such that$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \mathcal {A} = \frac{1}{N} \sum _{i}^{N} P^{\text {on}}(k^1_i, \ldots , k^M_i) \times P^{\text {off}}(m_\text {thresh}, k^1_i, \ldots , k^M_i), \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$P^{\text {on}}(k^1_i, k^2_i, \ldots , k^M_i)$$\end{document}$ is the probability that the event with index *i* containing *M* long-lived particles with true kinematic properties $\documentclass[12pt]{minimal}
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                \begin{document}$$k^1_i, k^2_i, \ldots , k^M_i$$\end{document}$ passes the online selection, and $\documentclass[12pt]{minimal}
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                \begin{document}$$P^{\text {off}}(m_\text {thresh},k^1_i, k^2_i, \ldots , k^M_i)$$\end{document}$ is the probability that the event with the same kinematic properties passes the offline selection with mass threshold $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_\text {thresh}$$\end{document}$, after having passed the online selection. Given the mass resolution of the detector, a mass threshold of $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\text {thresh} \simeq 0.6 m$$\end{document}$ has an efficiency of about 95 % for the benchmark models considered in Ref. \[[@CR12]\]. Consequently, throughout this paper, mass thresholds of 0, 100, 200, and 300 GeV are used for true long-lived particle masses of $\documentclass[12pt]{minimal}
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                \begin{document}$$\ge $$\end{document}$500 GeV, respectively. The choice of 100 GeV steps for the mass thresholds is made so that the information provided in Table 3 of Ref. \[[@CR12]\] regarding the background expectation and the observed count in the signal region may be used, thus allowing a more general application of the factorization method. In the case where only one long-lived particle is present in each event, the probabilities have the simplest form $\documentclass[12pt]{minimal}
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                \begin{document}$$P^{\text {off}}(m_\text {thresh}, k)$$\end{document}$. If each event contains two long-lived particles, the probabilities can be expressed using the probabilities for events with either single long-lived particle:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned}&P^{\text {on}}(k^1_i, k^2_i) = P^{\text {on}}(k^1_i) + P^{\text {on}}(k^2_i) - P^{\text {on}}(k^1_i) P^{\text {on}}(k^2_i); \nonumber \\&P^{\text {off}}(m_\text {thresh}, k^1_i, k^2_i) = P^{\text {off}}(m_\text {thresh}, k^1_i) \nonumber \\&\quad + P^{\text {off}}(m_\text {thresh}, k^2_i) - P^{\text {off}}(m_\text {thresh}, k^1_i) P^{\text {off}}(m_\text {thresh}, k^2_i) .\nonumber \\ \end{aligned}$$\end{document}$$The expression for events with more than two long-lived particles per event can also be expressed in terms of the probabilities $\documentclass[12pt]{minimal}
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                \begin{document}$$P^{\text {off}}(m_\text {thresh}, k)$$\end{document}$ associated with each individual long-lived particle.
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                \begin{document}$$P^{\text {off}}(m_\text {thresh}, k)$$\end{document}$, derived using the full simulation as described in the Appendix, are evaluated using the selection requirements adopted by the "tracker+TOF" analysis described in Ref. \[[@CR12]\]. This selection, where tracks are required to be reconstructed in both the tracker and the muon system, has been shown to be the most sensitive to signatures with lepton-like long-lived particles. The probabilities thus obtained are stored in the form of look-up tables.

The factorization method described above is validated by comparing the estimated signal acceptance values with those obtained with full simulation for a few benchmark models predicting long-lived leptons. In the rest of this paper we refer to the former as "the fast technique". In the full simulation case, pileup due to multiple interactions per bunch crossing is also simulated. Agreement better than 10 % between full simulation and the fast technique presented in this paper is generally observed for the considered values of $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\text {thresh}$$\end{document}$.

More details on the determination of the probabilities $\documentclass[12pt]{minimal}
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                \begin{document}$$P^{\text {off}}(m_\text {thresh}, k)$$\end{document}$ can be found in the Appendix, which also contains the details of the validation of the fast technique based on Eq. ([1](#Equ1){ref-type=""}). The Appendix also explains how this technique can be used in the future to estimate the CMS exclusion limits for extensions of the SM other than the ones considered in this paper using publicly available look-up tables for $\documentclass[12pt]{minimal}
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                \begin{document}$$P^{\text {off}}(m_\text {thresh}, k)$$\end{document}$.
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                \begin{document}$$P^{\text {off}}(m_\text {thresh}, k)$$\end{document}$ are computed with simulated stable particles, but the method is easily extended to particles with finite lifetimes by correcting the $\documentclass[12pt]{minimal}
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                \begin{document}$$P^{\text {on}}(k)$$\end{document}$ probability for the probability that the long-lived particle, with mass *m*, lifetime $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau $$\end{document}$, and momentum *p*, travels at least the distance *x* required to produce the minimum number of track measurements in the CMS muon system, as required in Ref. \[[@CR12]\]. The correction consists of an exponential factor, $\documentclass[12pt]{minimal}
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                \begin{document}$$P^{\text {on}}(k)$$\end{document}$. This correction is not applied also to $\documentclass[12pt]{minimal}
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                \begin{document}$$P^{\text {off}}(m_\text {thresh}, k)$$\end{document}$, since it needs to be made just once for each long-lived particle. The distance *x* only depends on the pseudorapidity of the particle:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} x = {\left\{ \begin{array}{ll} 9.0~\hbox {m} &{} 0.0 \le |{\eta }| \le 0.8; \\ 10.0~\hbox {m} &{} 0.8 \le |{\eta }| \le 1.1; \\ 11.0~\hbox {m} &{} 1.1 \le |{\eta }|. \end{array}\right. } \end{aligned}$$\end{document}$$These values of *x* ensure that the particle traverses the entire muon system before decaying. This choice results in a conservative estimate of the signal acceptance since it ignores the contribution to the acceptance from particles that decay before the end of the muon detector but still pass the selection. In Fig. [1](#Fig1){ref-type="fig"}, the acceptance obtained with the fast technique is compared with the acceptance obtained with the full simulation of the detector, as a function of the lifetime of the particle. It can be seen from the ratio panels that in most cases the agreement between the two methods is within 10 %, corresponding to the systematic uncertainty in the fast estimation technique used to compute the acceptance. For lifetimes less than 10 ns, the spread is somewhat larger, but the tendency to underestimate the acceptance is less than 15 %.Fig. 1Signal acceptance as a function of the chargino lifetime for a benchmark model having a chargino of mass 100 GeV (*left*) and 700 GeV (*right*), with a mass threshold of 0 GeV and 300 GeV, respectively. The panel below each figure shows the ratio of acceptance from the fast technique to the acceptance obtained from a full simulation of the detector

The offline event selection in Ref. \[[@CR12]\] includes two isolation requirements. The first is defined by $\documentclass[12pt]{minimal}
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                \begin{document}$$\varSigma {p}_\mathrm{T} < 50$$\end{document}$ GeV, where the sum is over all tracks (except the candidate track) within a radius $\documentclass[12pt]{minimal}
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                \begin{document}$$\varDelta R = \sqrt{{(\varDelta \eta )^2 + (\varDelta \phi )^2}} = 0.3$$\end{document}$ around the candidate track. The second requirement is that $\documentclass[12pt]{minimal}
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                \begin{document}$$E/p < 0.3$$\end{document}$, where *E* is the sum of energy deposited in the calorimeters within a radius $\documentclass[12pt]{minimal}
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                \begin{document}$$\varDelta R = 0.3$$\end{document}$ around the candidate track (including the candidate energy deposit) and *p* is the candidate track momentum reconstructed in the tracker. The probabilities $\documentclass[12pt]{minimal}
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In the two following sections, the fast technique is used to estimate the signal acceptance of the CMS detector for two extensions of the SM. Given that no significant excess of events over the predicted backgrounds is observed in Ref. \[[@CR12]\], the signal acceptance estimated with the technique described above is used in calculating cross section limits of these models, at 95 % confidence level (CL). The limits in this paper are established using the CL$\documentclass[12pt]{minimal}
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To demonstrate the validity of this procedure, we have used it to translate the estimate of the signal acceptance to the 95 % CL limit on the production cross section for two of the models considered in Ref. \[[@CR12]\]. The limits obtained on the pair production and inclusive production of staus in the context of the gauge mediated supersymmetry breaking (GMSB) model are shown in Table [2](#Tab2){ref-type="table"} for signal acceptance values estimated with full simulation and with the procedure described above. The limits obtained with the two techniques agree within 8 %. The differences are due only to a small difference in the signal acceptance computed with the two different techniques and to the larger uncertainty assigned to the acceptance from the fast technique.

The results in Table 1 may be compared with those shown in Table 7 and Fig. 8 of Ref. \[[@CR12]\]. In making the comparisons, it should be noted that there are important differences in the way that $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_\text {thresh}$$\end{document}$ is chosen in the two cases. In Ref. \[[@CR12]\] the value was varied in steps of 10 GeV in order to optimise the resultant limit. In this paper a simpler approach has been followed with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_\text {thresh}$$\end{document}$ varied in 100 GeV steps and chosen to be the largest value satisfying the condition $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_\text {thresh} \le 0.6 m$$\end{document}$. The latter approach generally results in a somewhat higher estimation of the background and therefore a more conservative limit. In the most extreme case, the pair production of staus, with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m = 308~\text {GeV}$$\end{document}$, the background is estimated to be $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$5.6\pm 1.1$$\end{document}$ events with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_\text {thresh} = 100~\text {GeV}$$\end{document}$, compared with the estimate of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$0.7\pm 0.1$$\end{document}$ events obtained with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_\text {thresh} = 190$$\end{document}$ GeV in Ref. \[[@CR12]\], resulting in a cross section limit that is about three times higher in the former case. Nonetheless, the limits agree within $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sim $$\end{document}$15 % in almost all cases, allowing restrictive limits to be set on a general class of models.Table 2Signal acceptance estimated from the fast technique and with the full simulation of the detector, as well as the corresponding expected and observed cross section limits. Results are provided for both the pair production and the inclusive production of staus as predicted by the GMSB model. The mass threshold, the corresponding expected background and the observed numbers of events is also shownMass (GeV)$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_\text {thresh}$$\end{document}$ (GeV)Predicted backgroundsData countsFull simulationFast techniqueAcc.Exp. (fb)Obs. (fb)Acc.Exp. (fb)Obs. (fb)*Pair production of staus*1260$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 44 \pm 9 $$\end{document}$420.244.384.110.244.534.241560$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 44 \pm 9 $$\end{document}$420.283.663.430.293.813.57200100$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 5.6 \pm 1.1 $$\end{document}$70.341.061.280.351.081.30247100$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 5.6 \pm 1.1 $$\end{document}$70.400.901.090.400.931.13308100$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 5.6 \pm 1.1 $$\end{document}$70.460.770.930.470.790.96370200$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 0.56\pm 0.11$$\end{document}$00.530.410.310.530.420.32494200$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 0.56\pm 0.11$$\end{document}$00.610.360.270.620.370.28745300$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 0.09\pm 0.02$$\end{document}$00.660.240.240.670.250.241029300$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 0.09\pm 0.02$$\end{document}$00.580.280.270.590.280.27*Inclusive production of staus*1260$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 44 \pm 9 $$\end{document}$420.254.223.950.254.434.151560$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 44 \pm 9 $$\end{document}$420.323.213.010.323.383.16200100$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 5.6 \pm 1.1 $$\end{document}$70.410.871.050.420.901.09247100$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 5.6 \pm 1.1 $$\end{document}$70.500.720.870.500.760.91308100$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 5.6 \pm 1.1 $$\end{document}$70.560.640.770.560.670.81370200$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 0.56\pm 0.11$$\end{document}$00.600.360.270.600.370.28494200$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 0.56\pm 0.11$$\end{document}$00.660.330.250.650.350.26745300$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 0.09\pm 0.02$$\end{document}$00.670.240.230.670.250.241029300$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ 0.09\pm 0.02$$\end{document}$00.580.280.270.580.290.28

Because the online selection in Ref. \[[@CR12]\] uses a missing transverse energy ($\documentclass[12pt]{minimal}
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Constraints on the pMSSM {#Sec4}
========================

The pMSSM is a 19-parameter realization of the minimal supersymmetric model (MSSM) \[[@CR1]\] that captures most of the phenomenological features of the R-parity conserving MSSM. The free parameters of the pMSSM, in addition to the SM parameters, are: (1) the gaugino mass parameters $\documentclass[12pt]{minimal}
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In the pMSSM, all MSSM parameters are allowed to vary freely, subject to the requirement that the model is consistent with some basic constraints: first, the sparticle spectrum must be free of tachyons and cannot lead to color or charge breaking minima in the scalar potential. We also require that the model is consistent with electroweak symmetry breaking and that the Higgs potential is bounded from below. Finally, in this study, we also require the lightest SUSY particle to be the lightest neutralino ($\documentclass[12pt]{minimal}
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In Ref. \[[@CR21]\], some previous CMS published results were reinterpreted in the context of this pMSSM sub-space. This analysis, however, did not consider the region of parameter space in which long-lived charginos are predicted. Using the technique described in Sect. [3](#Sec3){ref-type="sec"}, we can extend the results of Ref. \[[@CR21]\] to regions of the parameter space leading to long-lived particles.

We sample 20 million points in a pMSSM parameter space from a prior probability density function that encodes results from indirect SUSY searches and pre-LHC searches as done in Ref. \[[@CR21]\]. From this set we select 7205 points with a Higgs boson mass in the range $\documentclass[12pt]{minimal}
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For each of the 7205 points in this subset, we have generated 10 000 events using [pythia]{.smallcaps} v6.426 \[[@CR25]\]. Both direct pair production of charginos and indirect chargino production through the decay of heavier SUSY particles were considered for this study. The generated events have been used to evaluate the signal acceptance of the HSCP search, given the chargino kinematic properties predicted by [pythia]{.smallcaps} for the considered pMSSM sub-space.

The fast technique is used to obtain acceptance values expected to be in good agreement with the full simulation prediction. The predicted signal acceptance is then used to compute 95 % CL limits on the 7205 analysed pMSSM parameter points. A parameter point is excluded if the observed limit obtained on the cross section is less than the theoretical prediction at leading-order as calculated by [pythia]{.smallcaps}. The use of leading-order instead of next-to-leading-order theoretical cross section is driven by practical considerations given the large number of parameter points considered.

Figure [3](#Fig3){ref-type="fig"} shows the fraction of parameter points excluded as a function of the chargino lifetime. The fraction of excluded model points with a chargino lifetime longer than 1000 ns (10 ns) is 100.0 % (95.9 %). Although these values depend on the random point sampling in the 19-dimensional pMSSM parameter space, it is remarkable that a high fraction of the points predicting long-lived charginos are excluded.

Figure [4](#Fig4){ref-type="fig"} shows the number of parameter points predicted and excluded by the analysis of the results obtained in Ref. \[[@CR12]\] as a function of the chargino mass, chargino lifetime, and the mass difference between the chargino and the neutralino.Fig. 3(*Top*) Number of pMSSM points, in the sub-space covering sparticle masses up to about 3 TeV, that are excluded at a 95 % CL (*hatched red*) or allowed (*white*) as a function of the chargino lifetime. (*Bottom*) Enlargement of the long-lived region. *The bottom panel* shows the fraction of pMSSM points excluded by the analysis based on the results from the HSCP search \[[@CR12]\]Fig. 4Number of pMSSM parameter points in the sub-space covering sparticle masses up to about 3 TeV shown as a function of the chargino mass and (*upper row*) of the mass difference between the chargino and the neutralino, and (*lower row*) chargino lifetime. *The left panels* show the entire set of points considered while *the right panels* show the set of points excluded by the analysis based on the results from the HSCP search \[[@CR12]\]

Constraints on the AMSB model {#Sec5}
=============================

In the AMSB model \[[@CR2]--[@CR4]\] the lightest chargino and neutralino are almost degenerate ($\documentclass[12pt]{minimal}
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                \begin{document}$$m_{{\tilde{\chi }^ \pm }_1} - m_{\tilde{\chi }_1^0} \le 1$$\end{document}$ GeV), where the neutralino is the lightest SUSY particle. In this model, the chargino lifetime, expected to be of the order of a nanosecond or larger, is determined by the mass splitting with the neutralino.

Previous searches for AMSB charginos \[[@CR26], [@CR27]\] looked for a chargino decaying within the tracking volume into a neutralino and a soft charged pion. The pion has a momentum of $\documentclass[12pt]{minimal}
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                \begin{document}$${\sim }100$$\end{document}$ MeV and is generally not reconstructed. The experimental chargino signature therefore takes the form of a disappearing track inside the tracking system. The main limitation of that search technique is that the sensitivity drops quickly as the lifetime increases because the chargino is required to decay within the tracking region.

In contrast, the sensitivity of the search for HSCP \[[@CR12]\] is maximal when the chargino decay occurs outside the detector. These two searches are therefore complementary. In this context, the fast technique discussed in the previous sections can be used to assess the limits set by Ref. \[[@CR12]\] on long-lived charginos in the AMSB model.

The minimal version of the AMSB model is fully characterized by four parameters: the ratio of Higgs doublet vacuum expectation values at the electroweak scale, the sign of the higgsino mass term, the universal scalar mass ($\documentclass[12pt]{minimal}
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                \begin{document}$$\mu >0$$\end{document}$. The scalar mass is set to a large value (1 TeV) in order to prevent the appearance of tachyonic sleptons. Gravitino masses ranging from 3.5 to 32 TeV are used in order to scan chargino masses from 100 to 900 GeV.

Samples of simulated charginos with masses from 100 to 900 GeV and lifetimes from 1 ns to 10 $\documentclass[12pt]{minimal}
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                \begin{document}$$\upmu $$\end{document}$s are produced with [pythia]{.smallcaps} v6.426. The SUSY mass spectrum and the decay tables are calculated using [isasusy]{.smallcaps} with [isajet]{.smallcaps} v7.80 \[[@CR28]\]. For each sample, 10 000 events are generated using an inclusive SUSY production and the acceptance of the search for long-lived particles is estimated using the technique described in Sect. [3](#Sec3){ref-type="sec"}. The estimated signal acceptance is shown in Fig. [5](#Fig5){ref-type="fig"} (top). The acceptance is reduced for short lifetimes because the probability that a particle reaches the muon system before decaying, is exponentially smaller. As explained in Sect. [3](#Sec3){ref-type="sec"}, a systematic uncertainty of 25 % is assigned to the signal acceptance. A point in the mass--lifetime parameter space of the AMSB model is considered to be excluded when the 95 % CL observed limit on the cross section is lower than the leading-order theoretical cross section. The excluded region in this plane is shown in Fig. [5](#Fig5){ref-type="fig"} (bottom). These results extend those from previous searches at LHC experiments \[[@CR26], [@CR27]\] by excluding charginos with lifetimes $\documentclass[12pt]{minimal}
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Summary {#Sec6}
=======

The results of the CMS search for long-lived charged particles have been analysed to set constraints on the phenomenological minimal supersymmetric standard model (pMSSM) and on the anomaly-mediated SUSY breaking model (AMSB), both of which predict the existence of long-lived massive particles in certain regions of their parameter space. A novel technique for estimating the signal acceptance with an accuracy of 10 % is presented. This technique only uses generator-level information, while the integrated luminosity, the expected standard model background yields, and the corresponding uncertainties are taken from a previous CMS search \[[@CR12]\]. The technique and the tabulated probabilities, available as supplementary material to this paper \[[@CR13]\], can be used by others to estimate the CMS exclusion limits for different models predicting long-lived lepton-like particles. In the context of the AMSB model, charginos with lifetimes $\documentclass[12pt]{minimal}
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                \begin{document}$${\gtrsim }100$$\end{document}$ ns (3 ns) and masses up to about 800 GeV (100 GeV) are excluded at 95 % confidence level. The most stringent limits to date are set on the long-lived sector of the pMSSM sub-space that covers SUSY particle masses up to about 3 TeV. In this sub-space, 95.9 % (100 %) of the points with a chargino lifetime $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau \ge $$\end{document}$ 10 ns (1000 ns) are excluded by the present analysis of the results from the CMS search in Ref. \[[@CR12]\]. These are the first constraints on the pMSSM obtained at the LHC.

Appendix: Details of the fast technique {#Sec7}
=======================================

The probabilities $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$P^{\text {on}}(k)$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$\beta $$\end{document}$, and produced in [pythia]{.smallcaps} v6.426 \[[@CR25]\]. Twenty samples, each containing one million stau particles, were produced for the following long-lived particle masses: 100, 126, 156, 200, 247, 308, 370, 432, 494, 557, 651, 745, 871, 1029, 1200, 1400, 1600, 1800, 2000, and 2500 GeV. These generated events were then processed by the full CMS simulation and reconstruction software. The full simulation includes pileup effects. The selection requirements adopted by the "tracker+TOF" analysis described in Ref. \[[@CR12]\] were then applied to the reconstructed events in order to evaluate the probability that a particle with kinematics *k* can pass the selection criteria.
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The fast technique is validated by comparing the estimated signal acceptance values with those obtained from the full simulation for three benchmark models predicting long-lived leptons: pair production of staus, inclusive production of staus in the context of a gauge mediated symmetry breaking (GMSB) model, and pair production of long-lived leptons with a null weak isospin \[[@CR29]\]. These three models, having significantly different kinematic properties, are studied in Ref. \[[@CR12]\].

The signal acceptance obtained with the two methods is shown in Figs. [9](#Fig9){ref-type="fig"} and [10](#Fig10){ref-type="fig"} for the benchmark models considered for two thresholds on the reconstructed mass, $\documentclass[12pt]{minimal}
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                \begin{document}$${p}_\mathrm{T}, \eta $$\end{document}$, and mass. The reconstructed particle mass is generally lower than the actual particle mass because of a cutoff applied in the data acquisition electronics of the tracker detector. In Ref. \[[@CR12]\], the threshold on the reconstructed mass is optimized for each signal model considered. In this paper, for the sake of simplicity, the threshold on the reconstructed mass used in the fast technique is set at $\documentclass[12pt]{minimal}
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                \begin{document}$$60~\%$$\end{document}$ of the true particle mass. The hatched area in Figs. [9](#Fig9){ref-type="fig"} and [10](#Fig10){ref-type="fig"} indicates the range not satisfying the requirement on the reconstructed mass threshold. Outside of this region the estimated signal acceptance is always compatible within 10 % with the results from full simulation.Fig. 9Signal acceptance for a mass threshold of 0 (*left*) and 300 GeV (*right*). *The upper and lower sets* of distributions show the pair production and inclusive production of staus as predicted by the GMSB model, respectively. *The panel below each figure* shows the ratio of acceptance from the fast technique to the acceptance obtained from a full simulation of the detector. *The hatched area* indicates the range not satisfying the requirement on the reconstructed mass thresholdFig. 10Signal acceptance for a mass threshold of 0 (*left*) and 300 GeV (*right*). The tested model is the pair production of leptons with no weak isospin. *The panel below each figure* shows the ratio of acceptance from the fast technique to the acceptance obtained from a full simulation of the detector. *The hatched area* indicates the range not satisfying the requirement on the reconstructed mass threshold

Several points of the pMSSM subset have also been fully simulated, as described in Ref. \[[@CR12]\], in order to further validate the fast estimation of the acceptance in the context of pMSSM. The acceptances estimated using the full simulation prediction and the proposed technique are compared in Fig. [11](#Fig11){ref-type="fig"} for points leading to quasi-stable ($\documentclass[12pt]{minimal}
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                \begin{document}$$c\tau \ge 100$$\end{document}$ m) charginos. An agreement at the level of 10 % is observed.Fig. 11Signal acceptance for a mass threshold of 0 (*left*) and 300 GeV (*right*) on a few representative pMSSM points predicting quasi-stable ($\documentclass[12pt]{minimal}
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                \begin{document}$$c\tau \ge 100$$\end{document}$ m) charginos. *The panel below each figure* shows the ratio of acceptance from the fast technique to the acceptance obtained from a full simulation of the detector. *The hatched area* indicates the range not satisfying the requirement on the reconstructed mass threshold
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